Introduction
Worldwide breast cancer has the highest incidence of all malignancies in women. Although the incidence has increased, mortality has decreased during the last two decades [1] . This reduction in mortality is largely due to early detection of malignancies in screening and to better and more personalized therapies [2] .
Mammography is the primary screening imaging modality. This technique, however, has limitations in terms of sensitivity (39-86 %) and specificity (88-94 %), depending on age and breast density [3, 4] . Therefore, ultrasound is used in addition to mammography to increase diagnostic accuracy [5] . Mammography is scored in five categories according to the American College of Radiology (ACR) Breast Imaging Reporting and Data System (BI-RADS): category 1, negative; 2, benign finding; 3, probably benign; 4, suspicious finding (chance of malignancy 2-95 %); and 5, highly suggestive of malignancy (chance of malignancy >95 %) [6] . The guideline for non-invasive diagnostic tests for breast abnormalities of the Agency for Healthcare Research and Quality (AHRQ) in the USA states that for BI-RADS 1 and 2 no further work-up is required. The work-up for BI-RADS 4 and 5 requires an invasive procedure (biopsy). The diagnostic work-up of a BI-RADS 3 lesion (chance of malignancy <2 %) can be either biopsy or follow-up mammography after 6 months; in the recent 5th edition of the ACR guideline only a short interval-follow-up (6 month) or continue surveillance is recommended [6, 7] . However, in daily practice most of the patients with a non-calcified BI-RADS 3 and/or 4 lesion are referred for biopsy for histological confirmation. Approximately 95 % of the patients with a non-calcified BI-RADS 3 and 80% of the patients with a non-calcified BI-RADS 4 lesion eventually will have a benign lesion [6, 8] . Diagnostic imaging techniques able to exclude malignancy with a high level of evidence, allowing avoidance of unnecessary invasive biopsy procedures, would be of major benefit.
In proven breast cancer, National Comprehensive Cancer Network (NCCN) and European Society for Medical Oncology (ESMO) clinical practice guidelines indicate that additional imaging techniques could play a role in breast cancer stage II or higher in order to confirm the presence of locoregional or distant metastases. Assessment of dissemination of the disease can be considered for stage≥II breast cancer based on clinically positive axillary nodes, large tumours (e.g. > 5 cm), clinical symptoms or laboratory values suggesting the presence of metastases [9, 10] . In the case of proven breast cancer, imaging modalities can have an added value not only to determine the extent of the disease but also to characterize the primary and metastatic breast lesions.
Non-invasive modalities are increasingly implemented in standard care to support breast cancer diagnosis, staging and evaluation. However, the role of several potential imaging investigations has not yet been fully established and existing international guidelines are lagging behind these developments. The purpose of this editorial is to provide guidance for the application of (developing) imaging techniques in (1) the non-invasive work-up of breast lesions and (2) staging and characterization of advanced breast cancer.
Diagnostic imaging in patients with non-calcified mammographic BI-RADS 3 and 4 lesions
Better application of non-invasive imaging techniques may significantly reduce the number of unnecessary invasive biopsy procedures in patients with non-calcified mammographic BI-RADS 3 and 4 breast lesions, as is emphasized in the left part of the flow chart (Fig. 1) .
In cases of equivocal non-calcified mammographic BI-RADS 3 and 4 lesions, dynamic contrast-enhanced (DCE) MRI should be the first choice non-invasive imaging modality. DCE-MRI has the highest overall negative predictive value (NPV) of all imaging techniques and is able to safely exclude malignancy (NPV>98 %) [8, [11] [12] [13] [14] . Only in cases with pure clustered microcalcifications is the NPV lower [8, 15] . However, DCE-MRI is not implemented in the guidelines for diagnosis of non-calcified mammographic BI-RADS 3 and 4 lesions yet, as few data are available to support the use of DCE-MRI as a problem solving modality. However, this modality might soon deserve a place in the guidelines, as studies showed that in about 68-92 % of the patients with a non-calcified mammographic BI-RADS 3 and 4 lesion DCE-MRI can avoid a diagnostic invasive biopsy [8, 11] . In the remaining breast lesions (8-32 %), there is enhancement of DCE-MRI, but with considerable overlap in enhancement patterns of benign and malignant breast lesions. Therefore, the majority of BI-RADS 3 and 4 lesions showing enhancement on DCE-MRI are considered undecided. The specificity of DCE-MRI might well increase in the future, if promising sequences like diffusion-weighted imaging (DWI) and multivoxel MR spectroscopy (MRS) are added to the standard breast MRI protocol. The estimation is that an unnecessary biopsy can be avoided in approximately 50 % of the cases with enhanced lesions on DCE-MRI, if DWI and/or MRS is added [11, 16] .
DWI has a higher specificity (75-84 %) [17] than DCE-MRI (67-72 %) [18] . DWI is an MRI method that reflects the diffusion of water molecules through biological tissues. The DWI signal attenuation can be quantified as the apparent diffusion coefficient (ADC) [19] . It is important to realize that there are no standard measurement protocols and methods of data analysis for DWI and consequently incorrect procedures can lead to false-negative and false-positive results. The ADC values are affected by acquisition parameters like the strength and duration of diffusion gradients as well as by physiological parameters like micro-perfusion [17] . Therefore, DWI should be quantified using a bi-exponential model like the intra-voxel incoherent motion (IVIM) model, resulting in increased diagnostic performance as compared to ADC [20] .
In vivo proton MRS of the breast provides metabolic information about e.g. choline levels in the investigated tissue in a non-invasive manner. Although MRS is a more complicated sequence than DWI, its short sequence (ca. 10 min) should also be added to the standard breast MRI protocol, because the accuracy of multi-voxel MRS added to the breast MRI BI-RADS classification exceeds the accuracy of MRI alone [16] . Preferably, a multi-voxel method should be used, instead of a single-voxel method, to quantify choline levels. A choline signal is not only detected in tumour lesions, but also in benign breast lesions and normal fibroglandular tissue, and consequently accurate quantification is required to discriminate benign from malignant lesions [21] . In a diagnostic algorithm of non-calcified mammographic BI-RADS 3 and 4 lesions, the combination of DCE-MRI, DWI and multi-voxel MRS is the most optimal non-invasive work-up to avoid unnecessary invasive procedures. A study in 113 patients showed that the NPV of this approach was 100 % [22] , provided that lesions are larger than 1 cm in order to avoid partial volume effects in DWI and MRS. However, it is expected that smaller lesions can also be analysed with 3.0-T MRI scanners, which have a higher spatial resolution.
Although DCE-MRI is the modality of choice for the diagnosis of non-calcified mammographic BI-RADS 3 and 4 lesions, positron emission tomography/computed tomography (PET/CT) or positron emission mammography (PEM) with 18 F-fluorodeoxyglucose (FDG) could possibly play a role when MRI is contraindicated (e.g. claustrophobia, metal implants). In a study with 76 patients the sensitivity (96 %) and specificity (70 %) of FDG PET are comparable with those of DCE-MRI [23] . However, also FDG PET has its limitations. False-negative findings on FDG PET/CT are reported in small lesions or slowly proliferating (non-FDG-avid) breast lesions [24] . Falsepositive FDG uptake can occur in inflammatory or infectious lesions. Moreover, this technique is expensive.
The added value of PEM is still under debate. PEM was introduced as having the advantage of a better spatial resolution (2.4 mm) than conventional PET/CT [25, 26] and therefore it should be able to detect smaller lesions. However, modern PET/CT cameras can also obtain reconstructed resolutions that are in the same range and therefore this advantage has largely disappeared. In a meta-analysis, PEM has a pooled sensitivity and specificity of 84 and 79 %, respectively [27] and thus cannot outperform FDG PET/CT or DCE-MRI.
In general, clinicians have to think wisely about which imaging tests should be recommended, especially if the aim is to exclude cancer. Not only diagnostic performance, but also the risks, such as exposing the patient to radiation, and costs should be considered. The radiation dose of FDG PET/ CT is approximately 4.0 mSv for an adult person of 70 kg when the correct acquisition protocols are applied and therefore comparable with the radiation burden of diagnostic CT scans. This radiation dose should not be considered as an absolute contraindication anymore. However, MRI remains favourable since this imaging technique does not expose patients to radiation and has the highest NPV of all imaging techniques. Therefore, MRI is the best technique to avoid unnecessary invasive procedures.
Diagnostic imaging in patients with proven breast cancer
When a suspected breast lesion is detected on the mammogram or DCE-MRI, the guideline states that patient will undergo a biopsy procedure and an ultrasound of the axilla to screen for suspicious lymph nodes. When breast cancer is proven by biopsy and the ultrasound of the axilla is negative, a sentinel node procedure will be performed. As mentioned in the "Introduction", additional imaging techniques could play a role in breast cancer stage II or higher to determine whether locoregional or distant metastases are present [9, 10] (Fig 1;  right part of the flow chart) .
To determine if the patient has distant metastases, nowadays the patient will undergo chest radiography/liver ultrasound or a CT scan (chest and/or abdominal) and bone scintigraphy in routine clinical practice. FDG PET is superior to conventional imaging procedures (chest X-ray, abdominal ultrasound and bone scintigraphy) for detection of distant metastases. The overall sensitivity and specificity of FDG PET in detecting distant metastases is 100 and 98 %, respectively, whereas the sensitivity and specificity of conventional imaging is 60 and 83 %, respectively [28] . Furthermore, FDG PET identifies bone metastases with higher accuracy than bone scintigraphy [29] . The diagnostic accuracy of FDG PET is comparable with contrast-enhanced CT scan. FDG PET has clinically relevant advantages in the detection of lymph node metastases, particularly if these lymph nodes have a normal diameter. The contrast-enhanced CT scan has distinct advantages in the identification of both small lung and liver metastases [29] . Therefore, in our opinion, for dissemination purposes conventional imaging should be replaced by a combination of FDG PET and contrast-enhanced CT scan. Furthermore, there is a high possibility that PET/CT will extensively be used in the future for treatment decision-making in breast cancer and for monitoring the response to therapy. Therefore, a baseline FDG PET/CT scan may be recommended in future guidelines.
Future developments
Nowadays, the assessment of therapy response is based on the RECIST1.1 criteria that are validated and largely obtained with CT scanning. Regretfully, most bone metastases are often not evaluable with RECIST1.1. Furthermore, therapy response with FDG PET has not yet been validated. At the moment, the use of FDG PET/CT for determination of early treatment response is being assessed (IMPACT-MBC trial, NCT01957332).
In this trial, also molecular characteristics of the primary tumour and metastases are assessed that are relevant for targeted therapy (personalized medicine). Oestrogen receptors (ER) are over-expressed in around 70 % of all breast cancers and are a target for endocrine therapy [30] . Human epidermal growth factor receptor 2 (HER2) is over-expressed in approximately 25 % of all breast cancers and is a target for therapy such as trastuzumab, a monoclonal antibody against the HER2 [30] . ER and HER2 expression can change over time, and in up to 40 % of the patients discordant expression is seen between primary tumour and metastases [31] . Therefore, currently when patients develop metastatic disease rebiopsy is advised. Whole-body non-invasive PET imaging with 16α- 18 F-fluoro-17β-oestradiol ( 18 F-FES) and 89 Zrtrastuzumab enables visualization and quantification of all tumour lesions within a patient [32] . These novel and more specific techniques may be used to improve personalized treatment decisions for the individual patient and might improve prediction of response to therapy. This hypothesis is at this moment being evaluated in a multicentre trial in which patients with metastatic breast cancer eligible for first-line systemic therapy undergo 18 F-FES PET/CT and 89 Zrtrastuzumab PET/CT (IMPACT-MBC trial, NCT01957332).
Another interesting development in hybrid imaging is the simultaneous PET/MRI camera. As this technique is still in its infancy, the added value of PET/MRI is still questionable. At this moment, there is no indication that FDG PET/MRI could have any added clinical value compared to FDG PET and MRI alone.
Conclusion
This editorial provides guidance for the application of (developing) non-invasive imaging techniques that can be implemented in patients with suspected breast lesions. Some techniques could be implemented right away in already existing guidelines, while other techniques still have to be carefully evaluated for their added value. Breast MRI can be used to safely rule out malignancy in non-calcified breast lesions when using the optimal sequences (DCE, DWI and multi-voxel MRS) and the correct analysis techniques. FDG PET/CT could replace the conventional imaging techniques in disseminated disease. In the near future, an important role is to be expected for PET techniques that are able to characterize the tumour and its metastases, thereby making a selection of individual treatment options and assessment of the response to therapy possible.
